We studied the optical properties of a graphite oxide and a reduced graphite oxide by using the optical spectroscopic technique. The graphite oxide does not show a finite dc conductivity and has several characteristic absorption modes in the mid-infrared region, caused by an epoxide functional group and hydroxyl and carboxyl moieties in the mid-infrared range. The reduced graphite oxide shows a Drude-like response in the far-infrared region and the estimated dc conductivity and electric mobility are around 200 −1 cm −1 and ∼100 cm 2 V −1 s −1 , respectively. We found that the optical conductivity cannot be fitted with a simple Drude model, which indicates that the charge carriers are correlated. We applied an extended Drude model and obtained the optical scattering rate and the optical effective mass. We found that the optical effective mass can carry information of both the enhanced mass by correlation and the electronic band structure.
Introduction
Since the discovery [1] of a two-dimensional atomic crystal, graphene, which consists of only carbon atoms, the material has been studied intensively [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] 13] . Since graphene has the unique Dirac cone-shaped electronic band structure it shows interesting superior electronic, optical and mechanical properties [4, [13] [14] [15] . There are several different methods available to obtain graphene of varied quality and dimensions [16] ; each method shows different unique qualities and properties. Reduced graphene oxide can be obtained by chemical reduction of mass producible graphene oxide. Even though reduced graphene oxide shows a relatively low charge carrier mobility it can be produced by low cost chemical methods with a high yield and any sizes of reduced graphite oxide (RGO) samples can be achieved [17] . It is one of the most promising materials for applications such as transparent flexible conductive layers, energy storage and coatings [16] .
In this paper we investigated graphite oxide (GO) and RGO using an optical spectroscopic technique. GO has been studied in the mid-infrared, visible, and ultraviolet regions [18, 19] . But it has not been studied in the far-infrared region. Our results in the mid-infrared range are consistent with the previously reported ones [18, 19] ; several absorption features due to chemical functional groups and moieties were observed within GO including the infrared active in-plane vibration mode of graphite. Additionally we observed that our GO sample had no finite dc absorption which indicates that it does not contain any charge carriers. RGO has not been studied in the whole infrared region. Our RGO sample showed a Drude-like absorption mode by charge carriers. We extracted interesting characteristic transport properties including the dc conductivity and the mobility of the charge carriers from the measured optical constants. We observed a frequencyindependent spectral range in the optical conductivity of RGO, which is related to the interband transitions between linear dispersions in the Dirac cone band structure. We could not fit the low frequency part of our spectrum with a simple Drude model. Therefore the charge carriers in our RGO seem to be correlated. We applied an extended Drude model to study correlation effects. We extracted the optical scattering rate and the optical effective mass which can be defined in the extended Drude model formalism and carry information of the correlation. From this analysis we found that the optical scattering rate at a low frequency range increases linearly with increasing frequency, which clearly indicates that the charge carriers are correlated. The optical effective mass also shows the correlation and additionally seems to carry information of the electronic band structure. This approach may be applied to analyse the electronic band structure of other correlated electron systems.
Experimental
Our GO was synthesized from natural graphite powder by a modified Hummers method [20] [21] [22] and RGO was obtained from the GO by both a chemical and thermal annealing processes. We prepared two different samples for this study: a 30 µm thick GO paper (or free standing film) and a RGO film on a quartz substrate. For preparation of our GO paper a 50 mg portion of GO and 50 mL of deionized (DI) water were mixed together in a falcon tube. To disperse GO in the DI water, a sonication process lasting for more than 2 h (using a Branson ultrasonicator) was necessary. The GO paper was then prepared by solvent casting from the prepared graphene oxide solution (10.0 ml) on a clean glass Petri dish (diameter, 5.0 cm). The water was evaporated slowly at room temperature for 2 days in a clean bench. The prepared GO paper appears black. For preparation of the RGO sample a quartz substrate was sonicated with isopropyl alcohol (IPA) for 10 min. Using a syringe, a drop of graphene oxide solution was spin-casted onto the substrate. The graphene oxide solution on the substrate was dried for 24 h. The prepared GO film on the substrate was placed on the top of a carrier in a glass chamber and hydrazine monohydrate was dropped into the chamber. After sealing the chamber, the whole system was heated at 80
• C for 12 h, with the vaporized hydrazine reducing the GO into RGO. Finally, the thick (∼10 µm) treated RGO film on the substrate was annealed at 800
• C for 30 s to increase the degree of reduction. The prepared sample was the thick RGO film on a quartz substrate, which appears metallic silver. In figure 1 we show optical images of the surface of our GO and RGO samples. Essentially, our GO and RGO samples consisted of graphene oxides and reduced graphene oxides, respectively. The average lateral size of the graphene oxide and reduced graphene oxide is 3-4 µm. Through the reduction process, the thickness of the reduced graphene oxide was reduced due to its low density of oxygen in graphene oxide. A more detailed description of the microscopic topology of our GO and RGO samples can be found in the published literature by two of our coauthors [23] . The defect density of RGO can be related to the I D /I G ratio, where I D and I G are the intensities of the Raman D and G bands, respectively. We found that the ratio increased from 0.7 to 1.1 in the reduction process of GO, indicating that the reduction process altered the structure of GO with a high quantity of structural defects.
We used a commercial Bruker Vertex 80v FTIRtype spectrometer and Hyperion 2000 infrared microscopic spectrometer for the optical study. We measured transmittance of the 30 µm thick GO paper in the far-and mid-infrared range (40-7000 cm −1 ). We measured reflectance of the RGO film on a quartz substrate (10 × 10 × 1 mm 3 ) in the same spectral range. We also measured transmittance of our RGO sample and checked there was no transmittance through it. We analysed the measured transmittance and reflectance spectra by using standard analysis methods. The measured spectra and their analysis methods will be discussed in the following section.
Data analysis: optical constants
In figure 2(a) we show the transmittance spectrum of our GO paper. Interestingly, we observed many dips which we did not expect to see in pure graphene or graphite samples. So these dip features must arise from extrinsic elements other then the graphite itself. We know that our GO paper contains an epoxide functional group along the basal plane and hydroxyl and carboxyl moieties along the edges of graphene sheets (see inset of figure 2(a)) [18] . We attribute the dips in the transmittance spectrum to the vibration modes of these functional groups and moieties within the GO sample. We also observe a rapid decrease roughly above 3600 cm −1 with increasing frequency. Since we do not expect such a broad dip in transmittance from these functional groups and moieties, it could be a new absorption feature peaked at high frequency. Our thick GO paper may have a relatively broad excitonic mode peaked near 4.5 eV [19, 24] . We attribute the rapid decrease in transmission in the high frequency to the long tail of the excitonic absorption mode of the GO paper. To study these features observed in transmittance, we extracted the absorption coefficient, α(ω), from the measured transmittance spectrum, T (ω), using the Beer-Lambert law, α(ω) = − ln [T (ω)]/d, where d is the thickness of sample, in our case 30 µm. The calculated α(ω) is shown in figure 2(b) . The extracted absorption spectrum shows many peaks below 4000 cm −1 , which come from the epoxide functional and hydroxyl and carboxyl moieties within the GO paper, including the in-plane infrared active E 1u mode near the 1600 cm −1 mode marked with a dark blue arrow (see figure 2(b) ). We note that several peaks near 3200 cm −1 , which we marked with four dotted vertical lines near 3000 cm −1 , come from O-H stretch modes in the functional group or moieties [19] . We observe strong absorption peaks below 2000 cm −1 , which come from the vibration modes in the C-O, C=C and COOH bonds [18, 19] . The increase above 4000 cm −1 is attributed to the contribution from the long tail of the excitonic absorption mode, located at a very high frequency near 4.5 eV [19, 24] . The zero absorption intensity at zero frequency indicates the absence of free charge carriers in the GO paper.
In figure 3 we display the measured reflectance spectrum of our RGO sample (the top frame labelled (a)) and the real part of the optical conductivity (the bottom frame labelled (b)). The reflectance shows a sharp increase in low frequencies below 500 cm −1 , which is attributed to the contribution of the charge carriers. We also see two step-like features in the 1200-1600 cm −1 range. We believe that they come from in-plane infrared active phonon modes, which are the corresponding infrared modes of the well-known D and G Raman modes. We checked the uniformity of the RGO film on the substrate by measuring several random spots (150 × 150 µm 2 ) on the film in the mid-infrared range using a Bruker Hyperion 2000 infrared microscopic spectrometer. The measured results are quite similar to one another. We used the averaged spectrum of the measured spectra of several random spots as the reflectance spectrum in the mid-infrared range. Using a K-K analysis [25] we extracted the optical conductivity from the measured reflectance spectrum. To perform the K-K analysis one has to extrapolate the measured reflectance data to both a zero and infinite frequency since the measured spectra are in a finite frequency range due to experimental limitations. To perform the zero frequency extrapolation we used the HagenRubens relation, R(ω) ≈ 1 − 2 √ 2 0 ω/σ dc , where 0 is the dielectric constant in the vacuum and σ dc is the dc conductivity. Hagen-Rubens relation can be used as a first approximation for any metallic samples since the reflectance at zero frequency must be 1.0. To extrapolate the infinity frequency we used existing highly oriented pyrolytic graphite reflectance data, and above measured frequencies the free electron model [25] . The main part of the optical conductivity obtained from the K-K analysis is shown in figure 3(b) . Now we can see the two in-plane active infrared (IR) modes clearly, which appear as two peaks: one is located at 1234 cm −1 and the other is located at 1568 cm −1 . The mode at the higher frequency is the well known in-plane IR active E 1u mode [10] , of which the vibration pattern is also shown in the inset of figure 3(b) . The corresponding symmetric Raman mode to the E 1u mode is the well-known Raman G band [26] . The mode at the lower frequency cannot be shown without defects in the graphite sheets in the RGO sample. This mode is the corresponding infrared active mode to the Raman A 1 mode (or Raman D band) [27, 28] , of which the vibration pattern is shown in the inset of figure 3(b) . The mode can be infrared-activated by interlayer asymmetric vibrations as the E 1u mode. The appearance of the mode in the optical conductivity indicates that our RGO contains defects in its graphite sheets as depicted in the inset of figure 3(a) . We can see the sharp increase in the far-infrared range below 500 cm −1 , which indicates that charge carriers exist in the RGO sample. The extrapolation to zero frequency gives the dc conductivity (σ dc ), 200 −1 cm −1 , which is consistent with previous studies [17, 29] . Above 1500 cm −1 the conductivity becomes relatively frequency-independent, which indicates that our RGO sample contains the well-known interband transitions from the lower and upper cones in the Dirac cone band structure [6, 30, 31] . This observation is supported by our further analysis using an extended Drude model in section 4.
One can extract the Drude plasma frequency from the real part of the dielectric function, 1 (ω). We can describe the dielectric function with a high frequency limit (i.e. ω 1/τ ), 1 (ω) ≈ ∞ − ω 2 Dp /ω 2 , where 1/τ is the scattering rate of the charge carriers and ω Dp is the Drude plasma frequency. The plasma frequency can also be written in terms of the charge carrier density (N ) and the effective mass (m * ) as ω 2 Dp = 4πNe 2 /m * , where e is the elementary electric charge. Figure 4 shows the dielectric function as a function of 1/ω 2 . From a linear fitting in a spectral range between 223 and 632 cm −1 we obtain a slope −1.127 × 10 6 cm −2 , which is −ω 2 Dp . Therefore the Drude plasma frequency can be obtained as 1063 cm −1 , which is as high as we expected from the observations in both the reflectance and the optical conductivity. We also obtained the scattering rate (1/τ ) as 94 cm −1 using the estimated dc conductivity and the Drude plasma frequency i.e. 1/τ = ω 2 Dp /[4πσ dc ]. The Drude mode is shown by the dashed dark blue curve which is obtained from the scattering rate and the Drude plasma frequency in figure 3(b) . The corresponding charge carrier density to the Drude plasma frequency is 1.27 × 10 19 cm −3 where we assume that m * is the bare electron mass. We note that this assumption is not unreasonable if we take the optical effective mass value near the zero frequency (see figure 5(b) ). With the knowledge of the dc conductivity and the charge carrier density we can estimate the mobility of the charge carriers using µ = σ dc /[N e)]. The estimated mobility is around 100 cm 2 V −1 s −1 , which is a reasonable value compared with a previous report [16] .
Extended Drude model analysis
We note that the optical conductivity shows a significant deviation from the Drude behaviour at the low frequency range (see figure 3(b) ), which means that there are correlations between charge carriers in our RGO sample. We note here that the deviation from a simple Drude behaviour of nano-sized samples (with a grain size ∼20 nm) might be explained by a Drude-Smith model [32, 33] . Typically those samples show a peak in optical conductivity in the THz range (or the farinfrared range). To explain such a peak one may need to apply a Drude-Smith model. However, the optical conductivity of our RGO sample does not show such a peak in the farinfrared range. The grain sizes of our RGO, 3-4 µm, seem to be too large to be considered as a nano-sized material. Therefore we attribute the deviation from a simple Drude behaviour to the correlation effect among the charge carriers. Charge carriers in graphene can be correlated through electronelectron interactions [34] . To investigate the correlation effect we applied an extended Drude model [35, 36] . In the extended model we can describe the optical conductivity in terms of the optical self-energy [36] , which is a corresponding optical quantity to the well-known quasiparticle self-energy, Figure 5 . (a) The optical scattering rate of RGO. In the inset we show a magnified view of the low energy part of the optical scattering rate. (b) The optical effective mass of RGO. In the inset we show a proposed band structure of RGO. We also display the optical conductivity (in a dotted grey line) in the same frame for a better comparison.
as follows:
where ω p is the plasma frequency which is proportional to the charge carrier density, op (ω) is the optical self-energy, which is a complex function i.e.
. In correlated electron systems the plasma frequency ω p is different from the Drude plasma frequency ω Dp . We note that the real and imaginary parts of the optical self-energy form a K-K pair. This quantity can carry information about the correlations among the charge carriers. The imaginary part is related to the optical scattering rate, i.e. −2 op 2 (ω) = 1/τ op (ω), and the real part is related to the optical mass enhancement factor, −2
is the optical effective mass which can be enhanced by the correlations. We can write those quantities explicitly in terms of the optical conductivity as follows:
Here as we already mentioned the plasma frequency is different from the Drude plasma frequency which we extracted from the dielectric function previously, because the plasma frequency comes from the contribution of all the charge carries including the free charge carriers. The appropriate plasma frequency can be obtained from the optical conductivity [37] . With a cutoff frequency of ω c = 453 cm −1 we obtain ω p = 1338 cm −1 , which is larger than the Drude plasma frequency, 1063 cm −1 . In figure 5(a) we display the optical scattering rate of the RGO sample and in the inset we show a magnified view below 500 cm −1 . We clearly see that the scattering rate shows non-Drude behaviour, i.e. it shows a roughly linearfrequency dependence instead of the frequency-independent Drude behaviour. This behaviour is closely related to the optical effective mass, m * op (ω)/m shown in figure 5(b) . The optical effective mass increases gradually at low frequencies below 500 cm −1 as the frequency decreases. In principle the extended Drude model can be applied to an analysis involving a single band (intraband transitions), which contains the delocalized charge carriers. However, here we can see that this model can also carry information about the interband transitions, i.e. the band structure. It is well known that the interband transition between the lower and upper Dirac cone bands gives a frequency-independent flat optical conductivity [6, 30, 31, 38] , which we already observed in the extracted optical conductivity roughly above 1500 cm −1 as shown in figure 3(b) . We note that away from the point both graphene and graphite show a similar band structure [38] .
Here we see that above 1500 cm −1 the optical effective mass becomes zero, which is the characteristic property of the charge carriers in the linear dispersions of the Dirac cone. Therefore these two observed features seem to arise simultaneously (we also display the measured optical conductivity in grey in the same frame for a better comparison). Below the frequency (1500 cm −1 ) the optical effective mass deviates from zero, which means that the band structure is also distorted from the linear dispersion of the Dirac cone and results in a finite effective (or band) mass. In the inset of figure 5(b) we show a schematic proposed band structure of our RGO sample. We note that the result is robust and not dependent of the intensity of the plasma frequency, since the plasma frequency will not change the curve shape of the optical effective mass.
Conclusions
Our GO paper shows insulating behaviour and several absorption modes due to an epoxide functional group and hydroxyl and carboxyl moieties including an infrared active E 1u in-plane vibration mode. These results in the mid-infrared range are consistent with reported ones [19] . Our RGO sample shows a metallic behaviour, i.e. a finite dc conductivity. The estimated dc conductivity is 200 −1 cm −1 . We also extracted the free charge carrier density and the electric mobility as N ∼ = 1.127×10 19 cm −3 and µ 100 cm 2 V −1 s −1 , respectively. With a simple Drude model we could not explain the low energy part of the optical conductivity of RGO sample. Therefore the charge carriers could be explained by a correlated electron model formalism. The extended Drude model analysis shows that the optical scattering rate of the charge carriers is linearly dependent of frequency as opposed to a constant Drude scattering rate below 500 cm −1 . The observed flat optical conductivity above 1500 cm −1 seems to correspond to the zero optical effective mass above the same frequency obtained by the extended Drude model. Our RGO system allows us to find the relationship between those two features that appear in the optical conductivity and the optical effective mass. This method of analysis can be applied to more complicated correlated systems.
